Abstract Extremes in the distribution of Southern Hemisphere stratospheric heat flux are connected simultaneously to anomalous high-latitude tropospheric weather patterns in reanalysis, consistent with results from the Northern Hemisphere. The dynamical links are revealed using a metric based on extreme stratospheric planetary-scale wave heat flux events, defined as the 10th and 90th percentiles of the daily high-latitude wave 1 heat flux distribution at 50 hPa. We show extreme negative (positive) heat flux events are linked to a westward (eastward) shift in the Amundsen Sea Low and anomalous warming (cooling) over the Amundsen Bellingshausen Seas in reanalysis data. Since coupling to the stratosphere via planetary waves has significant impacts on the tropospheric circulation of both hemispheres, it is important to understand which coupled climate models can reproduce this phenomenon. The heat flux metric is used to evaluate troposphere-stratosphere coupling in models participating in the Coupled Model Intercomparison Project Phase 5 (CMIP5) and compare their performance across hemispheres. The results show that models with a degraded representation of stratospheric extremes exhibit robust biases in tropospheric sea level pressure variability over the Antarctic Peninsula. Models which fail to capture the extremes in stratospheric heat flux, significantly underestimate the variance of the distribution of mean sea level pressure anomalies over Western Antarctica.
Introduction
Variability in the stratosphere is closely linked to anomalous tropospheric weather patterns in the Southern Hemisphere (SH) [Gerber et al., 2012; Kidston et al., 2015] . Coupling mainly occurs in SH spring time, when the breakdown of the stratospheric vortex influences the position of the tropospheric jet [Randel, 1988; Baldwin and Dunkerton, 2001; Baldwin et al., 2003; Gerber et al., 2012] . Planetary-scale waves, generated in the troposphere, represent one of the main modes of stratosphere troposphere coupling [Andrews et al., 1987; Plumb, 2010] and has significant impacts on the variability of the stratospheric polar vortex [Polvani and Waugh, 2004; Dunn-Sigouin and Shaw, 2015] .
The primary mode of planetary wave coupling is upward wave coupling where signals in the troposphere propagate up into the stratosphere. Randel [1987] found that wave 1 exhibits an upward vertical propagation time scale of 4 days between the middle troposphere and the middle stratosphere and that its vertical structure is significantly different from waves 2 and 3. The upward propagation involves significant transfers of heat and momentum poleward [van Loon and Jenne, 1972; Randel, 1988] . demonstrate that in addition to the upward coupling, wave 1 exhibits downward wave coupling (wave pattern in the stratosphere leads wave pattern in the troposphere with a propagation timescale around 5 days) from September to December when the zonal flow exhibits a bounded wave geometry. Over the past several decades, ozone depletion has increased downward wave coupling during November and December because the bounded wave geometry extends later into the year in reanalysis data and models Shaw et al., 2011] .
Planetary wave coupling has a significant impact on the tropospheric circulation in the Northern Hemisphere (NH), associated with a distinct regional signal in the North Atlantic basin [Shaw et al., 2014] (subsequently referred to as S14). The tropospheric impact was revealed using an index based on extreme values of the high-latitude heat flux at 50 hPa. The eddy heat flux is proportional to the vertical group velocity according to linear wave theory and is thus a measure of vertical coupling. Large positive eddy heat fluxes, indicating upward wave coupling, were simultaneously associated with anomalous high pressure over the North Atlantic reminiscent of the negative phase of the NAO whereas large negative eddy heat flux, indicating downward wave coupling, involved opposite signed patterns. The simultaneous relationship reflected the peak time in the life cycle of planetary wave events in the stratosphere [see Dunn-Sigouin and Shaw, 2015, Figure 2] . S14 used the heat flux index to show that models with a biased stratospheric eddy heat flux distribution exhibited biases in eddy geopotential height and jet stream position in the North Atlantic troposphere. The models with the largest stratospheric heat flux bias were all low top, following the definition of Charlton-Perez et al. [2013] .
We investigate whether planetary wave coupling has a significant regional signature in the SH. One of the most important zonally asymmetric features in the SH is the Amundsen Sea Low (ASL). The ASL, a low-pressure center located in the region 60-75 ∘ S, 170-290 ∘ E, is a key driver of circulation variability over West Antarctica and has a large impact on the sea ice extent in surrounding regions [Turner et al., 1997; Hosking et al., 2013] . The formation of the ASL is attributable to a combination of (i) flow separation over the coastal line of the Ross Sea embayment and the steep orography inland [Baines and Fraedrich, 1989] and (ii) the strong baroclinicity resulting from the irregular coastline of Antarctica, which intensifies the cyclogenesis patterns in the region [Walsh et al., 2000; Fogt et al., 2012] . It is an essentially barotropic phenomenon, and its climatology is well documented by Turner et al. [2013a] .
We seek to address the following questions: Are stratospheric heat flux extremes linked to a regional circulation in the troposphere in the SH? What is the impact of the coupling in the Amundsen Sea region? Does troposphere-stratosphere planetary wave coupling play as dominant a role in setting the mean state and variability of the tropospheric circulation as it does in the NH? Can tropospheric biases in the Amundsen Sea region in CMIP5 models be linked to the ability to represent extreme stratospheric heat flux events?
This paper is organized as follows. Section 2 describes the reanalysis data set and CMIP5 simulations analyzed in this study. In section 3 the links between stratospheric planetary-scale wave heat flux extremes and SH tropospheric weather and climate patterns in reanalysis data are examined. In section 4 the representation of stratospheric heat flux extremes in CMIP5 models is studied, and coupling with the tropospheric circulation is compared in models with large and small biases in stratospheric heat flux extremes. Section 5 concludes the paper with a summary and discussion.
Data and Methods
This study uses daily data from the European Centre for Medium-Range Weather Forecasts (ECMWF) Interim (ERA-Interim) reanalysis for the years 1979-2005 [Dee et al., 2011] . In addition, we make use of daily and monthly data from 30 CMIP5 historical simulations (Table 1) [Taylor et al., 2012] . In this study anomalies are computed by removing the climatological seasonal cycle .
The following analysis is based on the daily wave 1 (meridional) heat flux, i.e., v ′ T ′ k=1 at 50 hPa where the overbar represents a zonal average, the prime indicates a deviation from the zonal average, and k is the zonal wave number, which is extracted using Fourier decomposition. We use the wave 1 heat flux, which represents 80% of the eddy (deviation from the zonal mean) heat flux variability, as a measure of vertical wave coupling [Charney and Drazin, 1961] . The 50 hPa level, located in the mid to lower region of the stratosphere, is chosen because it is a standard output level in the ERA-Interim and CMIP5 data sets. The wave 1 heat flux is averaged between 60 ∘ and 90 ∘ S creating a daily time series, which is hereafter referred to as the high-latitude stratospheric heat flux. This latitudinal band is where the temporal variability of the heat flux is maximum. The sensitivity of the results to the choice of latitudinal average and the effect of weighting by the cosine of the latitude are negligible.
The study focuses on September, October, and November (SON), which is the period of maximum wave coupling between the troposphere and stratosphere in the SH (Figure 1a , blue) . S14 analyzed the period January, February, and March (JFM), the period of maximum wave coupling in the NH (Figure 1a , red).
The eddy field is found by calculating the deviation from the zonal mean. The eddy field is broken down into its components of different wave numbers using Fourier decomposition.
Links Between Stratospheric Wave 1 Heat Flux Extremes and the Tropospheric Circulation in Reanalysis Data
The daily distributions of high-latitude wave 1 heat flux at 50 hPa for both the NH (averaged 60 ∘ to 90 ∘ N, JFM) in red and the SH (averaged 60 ∘ to 90 ∘ S, SON) in blue are shown in Figure 1b . Note that the NH distribution CMCC-CESM r1i1p1
HadCM3 b r1i1p1
HadGEM2-CC r1i1p1
a Models included in the small bias ensemble. b Models included in the large bias ensemble.
has been multiplied by −1 so that the mean has been flipped from positive to negative, to allow for an easy comparison of the phenomenon in the two hemispheres. In the SH (NH) the mean is negative (positive) meridional heat flux values, consistent with upward propagating waves. The SH wave 1 heat flux distribution has a smaller mean and standard deviation than that of the NH, consistent with the SH having a weaker wave source. The NH wave 1 heat flux distribution therefore has thicker tails; the 10th percentile is 41.7 K ms −1 compared to −32.5 K ms −1 for the SH, and the 90th percentiles is of −10.8 K ms −1 and 4.3 K ms −1 for the SH.
From now on we will focus on the SH, and any mention of the heat flux distribution refers to that in the SH. The mean of the distribution is negative and equal to −11.7 K ms −1 , indicating upward propagation. The standard deviation is equal to 17.2 K ms −1 . Days with stratospheric heat flux lower than the 10th percentile of the distribution (−432.5 K ms −1 ) will be labeled as "extreme negative heat flux days" and days with values larger than the 90th percentile of the distribution (4.3 K ms −1 ) will be labeled as "extreme positive heat flux days." According to linear wave theory, extreme negative days are associated with upward wave propagation, and extreme positive days are associated with downward wave coupling. As mentioned in section 1, our eddy heat flux index exploits the near-simultaneous stratospheric and tropospheric signals seen in the planetary wave life cycle.
We assess the link between extreme stratospheric heat flux events and the troposphere by comparing the climatological pattern to the patterns during extreme stratospheric events. The climatology of the mean sea Turner et al. [2013a] . Figures 2b and 2c show mslp for composites of extreme negative and positive stratospheric heat flux events, respectively. During extreme negative events the ASL center migrates westward by 12 ∘ , whereas during extreme positive events it shifts eastward by 32 ∘ . This is a significant longitudinal change given the amplitude of the seasonal cycle (taking monthly mean position) is only 40 ∘ [Turner et al., 2013b] . These shifts are in the lowest and highest 20th percentiles of the distribution of monthly ASL longitude positions, respectively. Hosking et al. [2013] demonstrate how the longitudinal position of the ASL can have a large impact on sea ice concentration; when the ASL is displaced westward, there is a decrease in sea ice concentration in the Amundsen and Bellingshausen Seas and vice versa. Figure 3 shows the anomalous mslp (Figures 3a and 3b) , anomalous temperature at 850 hPa (Figures 3c and  3d) , and anomalous meridional wind (Figures 3e and 3f ) during extreme positive and negative heat flux days in SON. During extreme negative heat flux events there is anomalously high mslp over the Bellingshausen Sea, with equatorward flow over the Antarctic Peninsula and strong poleward flow over the Amundsen Sea. Furthermore, there is anomalous warming over the Amundsen and Bellingshausen Seas, due to advection from the northeast (anticyclonic flow around the anomalous high surface pressure). In contrast, for days with extreme positive heat flux values, anomalously low mslp over the Bellingshausen Sea advects cold air from over Antarctica equatorward and westward through cyclonic flow, causing anomalously cold temperatures in this region. These patterns drive the longitudinal movement of the ASL during SON seen in Figure 2 .
The stratospheric events are also linked to patterns in the mid troposphere and upper stratosphere. Figure 4 shows the climatalogical 500 hPa (black) and 10 hPa (shaded) wave 1 and anomalous geopotential height, which both exhibit a clear wave 1 structure for composites of extreme negative and positive events. During extreme negative heat flux days (Figures 4b and 4e ) geopotential height patterns resemble those near the surface but with a westward shift and tend to reinforce the climatology in high latitudes (Figures 4a and 4d) . In the troposphere, the wave 1 component (Figure 4b ) explains nearly 70% of the anomalous geopotential height pattern in the high latitudes with waves 2 and 3 making up the remainder. The wave pattern between 500 and 10 hPa exhibits a westward phase tilt with height, consistent with upward propagation of wave activity from the troposphere to the stratosphere [Andrews et al., 1987] .
During extreme positive heat flux days the geopotential height anomalies are opposite in sign to those during negative heat flux days (Figures 4c and 4f ) , which moves the ASL eastward (toward the Antarctic Peninsula, Figure 2b ). There is an eastward phase tilt with height between 500 and 10 hPa consistent with the idea of wave reflection. Similar to the extreme negative case, wave 1 (Figure 4c ) explains roughly 80%. of the anomalous geopotential height pattern (Figure 4f ).
These reanalysis results show that extreme variations of the stratospheric wave 1 heat flux are linked to the Amundsen Sea region. The next step is to use the high-latitude heat flux metric to evaluate the representation of stratospheric heat flux events in CMIP5 models including their coupling to the troposphere.
Links Between Stratospheric Wave 1 Heat Flux Extremes and the Tropospheric Circulation in CMIP5 Models

Representation of Stratospheric Heat Flux Extremes
Here we use the stratospheric heat flux extremes metric to evaluate how well CMIP5 climate models simulate planetary-scale wave coupling between the troposphere and stratosphere. The daily high-latitude heat flux distributions at 50 hPa is calculated for the CMIP5 models listed in Table 1 . CMIP5 models, with circles representing low-top models and squares representing high-top models, along with the ERA-Interim data are plotted averaged over 1979 to 2005. The blue square is used to define the large bias models, and the red circle is used to define the small bias models.
K ms
−1 ). The models have been color coded in the same manner as S14 with circles representing low-top models and squares showing high-top models, following the definition of Charlton-Perez et al. [2013] .
The percentage of extreme negative heat flux days and the percentage of extreme positive heat flux days at 50 hPa for the CMIP5 models are significantly correlated (r = 0.64, p = 0.01). The correlation suggests that models which underpredict the number of extreme positive heat flux days also underpredict the number of extreme negative heat flux days. This is to be expected because downward wave coupling is preceded by upward wave coupling. The majority of CMIP5 models underpredict the stratospheric extremes (both positive and negative) at 50 hPa in the SH (models in the lower left quadrant).
Two model ensembles are constructed based on the bias relative to the 10th and 90th percentiles of the ERA-Interim heat flux distribution. Models are labeled as "small bias" if the combined bias of positive and negative extremes at 50 hPa is less than 3.5% (models contained within red circle of radius 3.5% in Figure 5 ). Models are labeled as "large bias" if the percentage of either the extreme negative or extreme positive heat flux days is under 4.0% (models contained within blue square in Figure 5 ). This classification system produces seven small bias models and seven large bias models ( Table 2) . The results presented below are largely insensitive to the addition or removal of one model from the ensembles.
The distribution of the large bias ensemble is significantly different from the ERA-Interim distribution at 95% significance (compared red and black in Figure 6 ) whereas the distribution of the small bias ensemble is 
a Low-top models are shown by (L) and high-top models are shown by (H). significantly similar (compared blue and black in Figure 6 ), according to a random sampling KolmogorovSmirnov test ( Table 3 ). Note that a regular Kolmogorov-Smirnov test was not used because of the known biases introduced into the statistical test when applied to populations of significantly different sizes. The statistical analysis shows that the large bias models do not capture the mean or higher-order moments of the ERA-Interim distribution.
All large bias models are low-top models, consistent with S14's findings in the NH. All six models identified in S14 as large bias for the NH are also part of the large bias model ensemble in the SH. Models which fail to replicate the heat flux extremes at 50 hPa in one hemisphere also underrepresent the extremes in the other hemisphere which seems to imply there are mechanisms intrinsic to these models. Although the majority of the models in the small bias ensemble are high top, two models (bcc-csm-1-m and NorESM1-M) are low top. Only two models (MPI-ESM-MR and MPI-ESM-P) are contained in the small bias model ensembles in both hemispheres. It can be seen from Figure 5 that although high-top models are generally better at capturing the extremes in the heat flux distribution, there are some low-top models which perform well by this criterion and there are some high-top models which do much worse such as HadGEM2-CC and CESM1-WACCM.
The large bias models also underestimate negative and positive heat flux extremes at 10 hPa (not shown), with a tendency of the low-top models to fall above the 1-to-1 line, as found by S14. , motivated by previous work by Boville and Cheng [1988] , investigated planetary wave biases associated with low-top models. They found that at 10 hPa, low-top models either underpredict upward wave coupling because of excessive damping or overpredict downward wave coupling due to unphysical wave reflection from the model lid. Figure 7 compares the error at 10 hPa (defined as the radial distance from the ERA-Interim, for which both types of extreme events occur 10% of the time) in the NH during JFM versus the same bias in the SH during SON. The correlation value between the extremes of CMIP5 in the NH JFM and the SH SON is 0.71, consistent with the idea that a model's performance according to this metric is roughly the same between hemispheres, The Kolmogorov-Smirnov test is relative to ERA-Interim data. For this run no large bias samples had a KS test p value over 0.05 while small bias samples had a KS test p value over 0.05 95.4% of the time. This was implemented using method in S14 Appendix A. Error of the NH JFM high-latitude eddy heat flux versus SH SON high-latitude eddy heat flux at 10 hPa for the CMIP5 models. The error has been defined as the radial distance to ERA-Interim for percentage of extreme negative and positive days (< −71.34 K ms −1 and > 2.81 K ms −1 for the SH and < −10.41 K ms −1 and > 148.10 K ms −1 for the NH). CMIP5 models, with circles representing low-top models and squares representing high-top models, along with the ERA-Interim data (which has zero error) are plotted. especially higher up in the stratosphere. The high-top models, in general, are better able to capture the extremes of the planetary wave stratospheric heat flux at 10 hPa in both hemispheres (with the error close to zero in both hemispheres). The low-top models consistently show larger biases in representing the heat flux extremes at 10 hPa. We can see that the majority of models fall on the 1-to-1 line, but with some noticeable exceptions such as GFDL-CM3, a high-top model which performs significantly better at this metric at 10 hPa in the NH, and vice versa for the low-top model CMCC-CESM. 
Representation of Links to Troposphere
In this section we explore whether model biases in high-latitude stratospheric heat flux extremes are connected to the tropospheric circulation in CMIP5 models. In the NH biases in stratospheric eddy heat flux were largest for extreme negative events, and this led to model biases in the North Atlantic jet stream and geopotential height. An important difference between the SH and NH is that the modeled mslp and eddy geopotential height exhibit large climatological biases compared to ERA-Interim. Figure 8 shows the difference between the CMIP5 models and ERA-Interim SON climatological mslp (a and b) and climatological eddy geopotential height (c and d), at 500 hPa (black) and 10 hPa (shaded). Individual models cannot capture the longitudinal position seasonal cycle of the ASL, and the central pressure is high compared to reanalysis [Hosking et al., 2013] . Only the small bias models are able to capture the wave 1 high-latitude pattern at 10 hPa. Neither of the model ensembles are able to replicate the 500 hPa ERA-Interim SON climatology (Figure 4a and 4d) sufficiently, with the differences as large as between the model ensembles themselves. Since the mean state of the models are so biased, compared to ERA-Interim, we cannot use the CMIP5 models to detect the impact of biased stratospheric wave 1 heat flux extremes ( Figure 5 on the mean tropospheric climate in the SH, in contrast to the NH.
We find that the biased eddy geopotential height variance at 500 hPa ( √ z ′2 ) is significantly correlated with the position of the jet stream relative to reanalysis (defined as the difference in latitude of maximum zonal-mean zonal wind at 850 hPa) as shown in Figure 9 . The biased position of the SH jet is well known [Kidston and Gerber, 2010] . The correlation coefficient is r = −0.54, and a linear regression explains 30% of the model variance. This suggests that reducing the bias in geopotential height is important.
The link between the representation of stratospheric heat flux extremes in CMIP5 historical simulations to tropospheric conditions can be quantified after removing the biased climatalogical mean state. Figure 10 compares the mslp anomaly of the small bias and large bias model ensembles with ERA-Interim. The small bias models are able to capture the strength and position of the anomalous mslp seen during the extreme events whereas the large bias models are unable to replicate this tropospheric variability. We obtain similar results for 500 hPa geopotential height and 850 hPa temperature (not shown). The issue of differences in the length of time series, with considerably fewer extreme days for large bias compared with small bias models, is discussed in Appendix A.
The large bias models do not capture the anomalous mslp over the Antarctic Peninsula during stratospheric extreme events. Figure 11 shows the SON distribution of anomalous daily mslp over the Antarctic Peninsula for ERA-Interim and the CMIP5 model ensembles. The region 60 ∘ -75 ∘ S, 240 ∘ -330 ∘ E was chosen to coincide with the center of the wave 1 anomalous pattern seen in Figures 3a and 3b . The large bias models (unlike the small bias models) do not capture the extent of the variability seen in reanalysis. In particular, the large bias ensemble distribution is significantly different from the ERA-Interim distribution at 99% significance according to a random sampling Kolmogorov-Smirnov test. The mean and variability of the small bias models agree well with ERA-Interim. Although the topography of the region makes the comparison harder, similar assertions can be made for eastern Antarctica. The representation of stratospheric wave events appears to be an important factor in the variability of Antarctic weather and climate patterns during spring. Table 2 .
Summary and Discussion
Summary
A dynamical metric of troposphere-stratospheric planetary wave heat flux events, defined as the 10th and 90th percentiles of the daily 50 hPa wave 1 heat flux originally developed for the NH, is applied to the SH. These extreme events in the stratosphere are associated with upward and downward wave coupling between the troposphere and the stratosphere. To investigate which CMIP5 models have realistic troposphere-stratosphere coupling in the SH, a small bias and a large bias ensemble are created containing models which can and cannot replicate the stratospheric heat flux extremes seen in ERA-Interim data, respectively. The main findings of this study on SH stratosphere-troposphere coupling are as follows:
1. In reanalysis, SH stratospheric heat flux extremes are linked to high-latitude tropospheric anomalies in the Amundsen Sea region. During extreme negative (positive) events there is a westward (eastward) shift of the ASL, a warming (cooling) and increase (decrease) of geopotential height over the Amundsen and Bellingshausen Seas. These findings complement those from the NH where the largest impacts occurred in the North Atlantic [Shaw and Perlwitz, 2013, S14] . 2. CMIP5 models exhibit a large climatological eddy geopotential height bias during SON which is connected to the well-known bias of the jet position. This climatological bias prevents an assessment of any potential impact of stratospheric heat flux extremes on tropospheric climate. 3. The impact of stratospheric heat flux extremes on tropospheric variability can be assessed after the climatological bias is removed. The results show that CMIP5 models with biased stratospheric heat flux extremes significantly underestimate mslp variability over the Antarctic Peninsula.
Discussion
We have demonstrated that stratospheric variability is linked to tropospheric variability over the ASL. However, large climatalogical mean biases in the SH circulation [Kidston and Gerber, 2010; Ceppi et al., 2012; Bracegirdle et al., 2013] mask any impact of troposphere-stratosphere coupling on the tropospheric mean state.
We investigated potential sources of tropospheric bias including biased sea surface temperature and model resolution. However, we found no significant difference between the eddy geopotential height simulated in atmosphere-only models, AMIP (Atmospheric Model Intercomparison Project), and CMIP models. There are, however, a limited number of models available with AMIP runs so the size of the ensembles were restricted to two models in this analysis. We also found no relationship between the model bias and model resolution across CMIP5 models.
The distribution of Antarctic sea ice has been shown to influence the tropospheric circulation at high latitudes [Raphael, 2001] . The link to extreme changes in sea ice can be seen in mslp [Wu et al., 1996] and 500 hPa geopotential height [Renwick, 2001] . Sea ice variability has a large radiative effect, as well as an impact on mass flux in the polar region [Budd, 1991] .
Ozone has had a significant impact on regional climate in the SH during 1979 -2005 [Thompson and Solomon, 2002 . There have been no significant changes in the 50 hPa heat flux distributions during SON; however, there are impacts later in the seasonal cycle . How troposphere-stratosphere coupling in the SH will change during the period of ozone recovery is a question for further research.
We have shown that planetary wave coupling is linked to climate variability of the Amundsen Sea region. The vast majority of coupled climate models are not reproducing the observed trends in Antarctic sea ice extent [Arzel et al., 2006; Eisenman et al., 2011; Maksym et al., 2012; Turner et al., 2013b] , so improving simulation of Antarctic climate variability and connections to the ASL is an important question for future research [Raphael et al., 2015] . Our results suggest an accurate simulation of stratospheric variability is important for the ASL. Understanding the dynamical mechanism responsible for the link between troposphere-stratosphere planetary-scale wave coupling and the ASL and Antarctic tropospheric climate variability is an area for future research.
